Abstract The seismic velocity structure beneath Texas Gulf Coastal Plain (GCP) is imaged by migrating Ps receiver functions with a seismic velocity model found by fitting surface wave dispersion. We use seismic data from a linear array of 22 broadband stations, spaced 16-20 km apart. A Common Conversion Point (CCP) stacking technique is applied to earthquake data to improve the S/N ratios of receiver functions. Using an incorrect velocity model for depth migration of a stacked CCP image may produce an inaccurate image of the subsurface. To find sufficiently accurate P and S-velocity models, we first apply a nonlinear modeling technique to fit Rayleigh wave group velocity dispersion via Very Fast Simulated Annealing. Vs ranges from 1.5 km/s in shallow layers of the GCP to 4.5 km/s beneath the Llano uplift and just outboard of the Balcones Fault Zone (BFZ). The BFZ is characterized by slow velocities that persist to nearly 100 km depth. In the stacked image, the largest amplitude positive-polarity event ranges from the surface, at the Llano uplift, to a maximum depth of 16 km beneath Matagorda Island. We attribute this event to the sediment-basement contact, which is expected to produce a large impedance contrast. Another large-amplitude and positivepolarity event at 35 km depth, which likely marks the Moho, disappears outboard of the Luling Fault Zone. The disappearance of the Moho beneath the GCP may be due to serpentinization of the upper mantle, which would reduce the impedance contrast between the lower crust and upper mantle dramatically.
Introduction
The Gulf of Mexico (GOM) is a relatively small oceanic basin that formed as a result of rifting between the continental blocks of North America and Yucatan in the Middle to Late Jurassic (165 Ma) [e.g., Menard, 1967; Bird et al., 2005; Stern et al., 2011; Mickus et al., 2009; Pindell and Dewey, 1982; Marton and Buffler, 1994; Molina-Garza et al., 1992; Burke, 1988; Pindell, 1994; Ross and Scotese, 1988; among others] . The extent to which the continental crust was stretched and thinned prior to breakup is currently unknown [Dickinson, 2009; Dunbar and Sawyer, 1987; Merle, 2011] . After the breakup, seafloor spreading formed volcanic crust in at least part of the central Gulf of Mexico [Menzies et al., 2002; Mickus et al., 2009; Hall and Najmuddin, 1994] . However, in the early Cretaceous (140 Ma), opening between North America and Yucatan stopped [Bird et al., 2005] . Since then, subsidence and sedimentation have largely shaped the Gulf margin [Keller and Hatcher, 1999; Harry and Londono, 2004; Dickinson, 2009] . Several hypotheses have been proposed to explain the region's lithospheric evolution, including rifting, continental collision, delamination, magmatic underplating, and deformation [Mosher et al., 2008; White and McKenzie, 1989; Mutter et al., 1984; Menzies et al., 2002; Mickus et al., 2009; Evanzia et al., 2014; Walker, 1992; Huerta and Harry, 2012; Ainsworth et al., 2014, etc] . To assess the viability of these processes, better knowledge of lithospheric structure is needed which, in turn, requires additional data. Although Earthscope's Transportable Array (TA) has acquired broadband, three-component seismic data on scale lengths that were unprecedented in this region, its 70 km station spacing is not optimal for producing images of crustal or lithospheric structure. In particular, the TA's resolution will not allow us to address many key geoscientific issues for the Gulf of Mexico's passive margin, whose crust we expect to be thinner than much of the rest of North America.
Since the pioneering work of Langston [1979] , seismologists have used ''receiver functions'' to identify impedance contrasts in the Earth's crust and upper mantle. The method uses teleseismic earthquake data to estimate the response beneath seismic stations to depths of several tens or hundreds of kilometers. Common Conversion Point (CCP) stacking techniques average many closely spaced receiver functions to improve signal-to-noise ratios and to depth migrate the images [Zhu, 2000; Dueker and Sheehan, 1997; Li et al., 2000; Owens et al., 2000] . Using an incorrect velocity model for time-to-depth migration of a stacked CCP image will produce an inaccurate image of the subsurface, especially in the presence of substantial lateral velocity variations; yet reliable velocity models are not always available. One common approach to estimating velocities is to perform travel time tomography, using teleseismic earthquakes (because they are usually plentiful at distances greater than 1000 km) augmented by regional earthquakes, if they are available. However, in areas with few regional or local events, such as the Texas Gulf Coast, travel time tomography relies heavily on teleseismic events. Rays from teleseismic events arrive at seismic stations with steep angles of incidence and subparallel trajectories that generally do not intersect in the 0-100 km depth range. Teleseismic tomography with station spacing greater than 15 km, therefore, produces relatively poor constraints on the Earth's crust and uppermost mantle, which is the portion of the model for which accuracy is Geochemistry, Geophysics, Geosystems 10.1002/2015GC005803 most critical to receiver function imaging. In regions with extremely low velocities, such as the Gulf Coast, teleseismic raypaths are particularly steep through the crust. This shortcoming is often more severe for shear wave tomography because picking S wave arrivals is more difficult than picking the first-arriving P wave, so data sets used for S wave tomography tend to be smaller, and to represent sparser coverage, than those used for P wave tomography. Both P and S-velocity models are needed to migrate images produced with P-to-S or S-to-P converted waves.
Surface wave modeling, which is most sensitive to shallow shear wave velocities of the crust and upper mantle, offers an alternative strategy for finding sufficiently accurate velocity models for receiver function migration. In our study, we apply a nonlinear optimization technique to fit 1-D models beneath each station to Rayleigh wave group velocity dispersion curves via Very Fast Simulated Annealing (VFSA), a global optimization method [Sen and Stoffa, 1995; Gangopadhyay et al., 2007; Agrawal et al., 2015] . We use ambient noise cross correlation to compute Rayleigh wave group velocity dispersion curves [Bensen et al., 2007] . We then interpolate between 1-D models to form a smooth, 2-D S-velocity model, construct a corresponding P-velocity model using assumed Vp/Vs ratios, and migrate the receiver functions using the new models.
Surface waves and receiver functions offer complementary constraints on crustal parameters . Ps receiver functions are primarily sensitive to shear wave velocity contrasts in layered structures while dispersion curves are sensitive to volumetric shear wave velocities. By applying this sequential imaging technique to teleseismic and ambient noise data from 22 stations, we construct a subsurface structural image of the transect. The image provides an opportunity to evaluate hypotheses concerning the evolution of the Texas Gulf Coast's lithosphere.
Geological Background
The Texas Gulf Coast underwent a series of tectonic processes leading to rifting and continental breakup. It has experienced at least two separate cycles of rifting and orogeny: once during the formation and breakup of Laurentia, and again during the formation and separation of Pangea [Thomas, 1991] . Laurentia left behind its main craton, which was exposed in the Llano uplift of central Texas approximately 1.4 Ga [Thomas, 1991] . At 1.1 Ga, the crust was partially deformed during the Grenville orogeny, caused by a partial subduction of Laurentia and the formation of Rodinia [Thomas, 2005] . Rodinia remained fairly stable and unchanged until rifting began at approximately 530 Ma, leading to the continent's breakup and the formation of the Iapetus Ocean [Thomas, 1991] .The Ouachita orogenic belt was formed around 300 Ma when Gondwana and Laurentia collided, forming Pangaea [Thomas, 1991; Bird et al., 2005; Stern et al., 2011] . The formation of Pangaea was a soft collision (compared to the Alleghenian orogeny, for example) in which microcontinents and island arcs in the Iapetus Ocean were accreted to the supercontinent.
The present-day ocean-continent transition developed during the opening of the Gulf of Mexico, when Pangea began to break up along the western edge of the modern Gulf of Mexico. This led to the separation of North America from South America and the Yucatan Block [Stern et al., 2011; Mickus et al., 2009; Bird et al., 2005; Marton and Buffler, 1994; Pindell, 1994; Ross and Scotese, 1988; Molina-Garza et al., 1992; Burke, 1988; Dunbar and Sawyer, 1987; Pindell and Dewey, 1982; Menard, 1967, etc] .The Balcones Igneous Province (BIP) lies at the boundary between Texas's Mesoproterozoic craton and the buried transitional crust of the Jurassic-age passive margin and nearly coincides with the Ouachita fold belt. The nature of this buried transitional crust is difficult to determine due to the presence of thick sediments beneath the Gulf Coastal Plain (GCP) [Dickinson, 2009; Harry and Londono, 2004] . There is no consensus with respect to the processes that initiated rifting and formed the GCP. Some workers attribute the GCP to an active rifting process, the result of upwelling asthenosphere associated with a thermal anomaly in the mantle [e.g., Mickus et al., 2009; Menzies et al., 2002] while others argue in favor of a passive rifting process, driven by far field stresses and distinguished mainly by ductile deformation and ongoing faulting of the crust and mantle [Marton and Buffler, 1994] . Continental margins that result from passive rifting are characterized by relatively little magma, high stretching factors, rotated fault blocks, and low seismic velocities beneath ocean-continent transition interpreted as serpentinized mantle [Mjelde et al., 2007] . In contrast, margins that result from active rifting form by quick and voluminous emplacement of magma, including sills, dikes, and magmatic underplating [Mutter et al., 1984] . Cross sections based on seismic profiles acquired by COCORP (Consortium for Continental Reflection Profiling) suggest that the Luling uplift is located at the Geochemistry, Geophysics, Geosystems 10.1002/2015GC005803 updip limit of the Cenozoic sediment wedge, which is cut by steeply dipping normal faults that sole into the top of the uplift [Culotta et al., 1992] .
Sequential Modeling of Rayleigh Wave Group Velocity Dispersion and Ps Receiver Functions
This study employs a sequential modeling process in which each type of data are treated separately, in alternating steps, so that results of one modeling step are used as inputs to the next step. Geophysical data rarely allow a structural model to be determined uniquely; more than one solution usually explains the data equally well. Nonuniqueness becomes apparent when values of parameters of an earth's physical model can be changed without degrading the fit to observed data. Numerous workers have shown that the number of models that fit the data to acceptable levels can be decreased and the variability between those models can be diminished by using complementary data sets [e.g., Julia et al., 2000 Julia et al., , 2003 Julia et al., , 2005 Agrawal et al., 2015; Ammon et al., 2002 Ammon et al., , 2005 Cakir and Erduran, 2004; Chang et al.,2004; Dugda and Nyblade, 2006; Lawrence and Wiens, 2004; Ozalaybey et al.,1997; Pasyanos, 2005; Tkalcic et al., 2006] . The results shown here use Ps receiver functions and Rayleigh wave group velocity dispersion curves to obtain a 2-D model beneath the X4 array that is consistent with both data sets.
Method
A schematic representation of the methodology employed here is shown in Figure 2 .
Step 1: Compute Rayleigh wave group velocity dispersion curves using an ambient noise processing technique. Green's functions of subsurface structure between two seismic stations (or locations) can be extracted with a simple field-to-field correlation computed over a sufficiently long time period Lobkis, 2001, 2004; Derode et al., 2003; Snieder, 2004; Wapenaar, 2004; Shapiro and Campillo, 2004; Larose et al., 2005; Bensen et al., 2007] . We employ a three-phase ambient noise data processing procedure for computing the Green's response between pairs of stations. In the first phase, single-day waveforms are prepared for each seismic station by removing instrument response, demeaning, detrending, and band-pass filtering the seismogram, followed by temporal normalization and spectral whitening. Temporal normalization is performed by applying ''running-absolute-mean normalization'' to remove the effects of earthquakes, instrument irregularities, and nonstationary noise sources [Bensen et al., 2007; Shapiro and Campillo, 2004] . Processing steps for the computation of dispersion curves are shown schematically in Figure 3 .
In the second phase, daily time series are cross correlated and stacked. For each station pair, frequency domain cross correlation is carried out on daily seismograms. These correlated seismograms are then returned to the time domain and stacked to improve SNR ratio and to obtain an estimate of the station pair's Green's function. An example of correlation and reverse correlation (for day 245 of year 2012) of station GC06 with GC14is shown in Figures 4a and 4b , respectively; their corresponding 1 year stack (year 2012) is shown in Figure 4c . 
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In phase three, Rayleigh wave group velocity dispersion curves are computed from Green's functions using frequency-time analysis (FTAN) [e.g., Dziewonski et al., 1969; Herrin and Goforth, 1977; Russell et al., 1988; Ritzwoller and Levshin, 1998; Levshin et al., 2001] . Figure 4d shows a Rayleigh wave group velocity dispersion curve from FTAN analysis of the Green's function shown in Figure 4c . We use these dispersion curves to infer shear wave velocity as a function of depth, thereby producing constraints on lithospheric structure.
The 16-18 km station spacing of the X4 array was designed to admit receiver functions studies, body wave tomography, and shear wave splitting measurements. For long-period surface waves, the wavefield is oversampled. We therefore employ a moving bin technique to include a maximum number of seismic stations in our group velocity calculations. The upper limit of lateral resolution is determined by the number of seismic stations involved in a bin. For 10-40 s periods, a bin size of five stations provides consistent group velocities, while a bin of seven stations is appropriate to find group velocities of longer period waves.
Step 2: Obtain 1-D models by fitting Rayleigh wave group velocity dispersion curves. Identifying a model that best explains observed data, usually by finding the minimum value of an objective function, is a primary aim of seismic modeling. Geophysical inverse problems are nonlinear in nature but, for reasons of tractability and simplicity, are often solved using linear methods. Linear methods, such as least squares methods, are best suited to finding models that are quite similar to the starting model, rather than the single, best fitting model within a given model space. Therefore, in this analysis, we employ a stochastic, nonlinear, global optimization technique known as Very Fast Simulated Annealing (VFSA), which is weakly dependent on the choice of initial model [Sen and Stoffa, 1995; Gangopadhyay et al., 2007; Agrawal et al., 2015; Zhao et al., 1996; Ingber, 1989] . VFSA is a variant of Simulated Annealing (SA) that is aimed at making computations more efficient [Ingber, 1989; Sen and Stoffa, 1995] . Simulated Annealing is a quantitative algorithm that mimics the process of crystal annealing of a physical system [Kirkpatrick et al., 1983] . During an annealing process in, for example, metallurgy, a solid at higher temperature (T 0 ) is allowed to cool slowly from a disorderly state (or elevated energy) to an orderly (''ground'') state of minimum energy. ''Simulated annealing'' draws an analogy between this physical concept of annealing and numerical optimization problems in seismology. The energy of a system is associated with the misfit (E (m 0 )) between synthetic and observed data. The higher energy state of a physical system is identified with a starting model (m 0 ) of seismic modeling process. The temperature (T) is a free parameter that controls the search process [Sen and Stoffa, 1995] . The ground state of a physical system is equivalent to the global minimum of its associated objective function. At each iteration (k), the temperature (T (k)) is lowered an amount specified by a cooling schedule (T (k) 5 T 0 /k) and an updated model is randomly drawn from a specified distribution within predefined limits of model parameter space. The original, and still popular, version of SA draws new models from a uniform distribution [Metropolis et al., 1953] ; VFSA differs in that it draws new models from a Cauchy distribution [Ingber, 1989] . A ''fitness'' value associated with each updated model (m k ) is computed using the following objective function:
where d obs and d syn denote observed and synthetic data, respectively, and the parameter a (50.5 in the modeling presented below) represents the norm of the objective function. If the error at trial k, E (m k ), is less than or equal to the error associated with the previous model, E (m k-1 ), the new model (m k ) is accepted and replaces the previous model (m k-1 ). However, if this condition is not satisfied then the new model may still be accepted, according to a probability function specified by the user. The probabilistic acceptance of VFSA allows the algorithm to escape local minima and continue to search the model space for a global minimum of the objective function. This process is repeated, with the temperature slowly cooling according to Geochemistry, Geophysics, Geosystems
a predefined schedule, until the procedure converges. Further details of SA and VFSA can be found in Sen and Stoffa [1995] . We run the modeling scheme described above to produce a set of 1-D shear wave velocity model for the subsurface beneath each seismic station of the X4 array ( Figure 5 ).
To construct search bounds for the upper crust between stations GC04 (Blooming, Texas) to GC12 (Gonzalez, TX), we consulted acrustal refraction survey conducted on the Texas Gulf Coast by Cram [1962] (blue dashed lines in Figure 5 ). For the lower crust and upper mantle, starting velocities were based on ak135 [Kennett et al. 1995] . For other stations, we use ak135 for all layers (black dashed lines in Figure 5 ). During each modeling run, we allowed shear velocities to vary within 615% of initial values. The thickness of each layer was permitted to vary from 2 to 8 km. We set the initial temperature at 10 24 dimensionless units and allowed it to cool to 10 214 units for each VFSA run. We discovered, after a set of trials, that the misfit error changed very little after 1500 iterations, so we set the maximum number of iterations to 2000 to provide an adequate margin for error. The resulting best fit models are shown, as examples for some stations, by the solid red line in Figure 5 .
Step 3: Compute 1-D depth profiles of P-velocities. For this purpose, we use Poisson's ratios equal to that of a Poisson solid (1.76) and shear wave velocities found by modeling dispersion curves, as discussed above. These 1-D models are interpolated to create the 2-D shear and compressional wave velocity models beneath the X4 transect ( Figure 6 ). These 2-D models were used to migrate the CCP-stacked Ps receiver function image from the time domain to the depth domain.
Step 4: Compute Ps receiver functions using a multichannel deconvolution algorithm. Receiver functions were computed using a Matlab TM program developed by S. Hansen and K. Dueker [Hansen et al., 2013] . This algorithm is based upon a new technique that explicitly includes pure-mode scattering of direct arrival components, i.e., P-P scattering on the P-component and S-S scattering on the SV-component. This methodology computes a three-component receiver function (P-SV-SH) for each event bin by utilizing the quasi minimum-phase nature of the direct component receiver function [Hansen and Dueker, 2009; Baig et al., 2005; Bostock, 2004; Mercier et al., 2006] .
The multichannel deconvolution algorithm uses a three-step process: first, the amplitude of the source time function for each event is estimated by a rough-smooth spectral separation algorithm [Hansen and Dueker, 2009] .Second, the amplitude spectrum of the three-component receiver function (P-SV-SH) is computed through inversion using a least squares method. Finally, the minimum phase of the direct component trace is used to reconstruct the spectral phase of the receiver function. In an effort to avoid site-specific effects and pure mode scattering, the algorithm estimates a single source time function from all station's recordings of a particular event, instead of using individual trace components [e.g., Ligorria and Ammon, 1999; Helffrich, 2006] .
The events were binned by back azimuth and ray parameter, producing a variable number of event bins for each station. For example, the polar plot shown in Figure 7a represents event bins used in receiver function Figure 5 . Fitting of dispersion curves for stations GC04, GC07, GC10, GC12, GC14, and GC16 via Very Fast Simulated Annealing. Solid red lines show the best fitting models; broken black and blue lines represent ak135 and the model obtained from a refraction survey in South Texas [Cram, 1962] . The green highlights on best fitting models represent our estimates of Moho depths.
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processing for station GC01, located on Matagorda Island. The radial distance is the estimated angle of incidence of the direct arrival, computed using average Vp and Vs velocities at the surface as rotation velocities. Then, all events are binned in slowness space using square, nonoverlapping bins with a width of 0.01 s/km (see Figure 7b for station GC01). One Ps receiver function is estimated per bin per station, resulting in a total of 5060 receiver functions from 230 earthquakes recorded by 22 stations in the array.
Three-component traces for all station-event pairs are windowed and tapered to extract time series starting 30 s before and ending 110 s after the arrival of the direct P phase. A four-pole band-pass filter with corner frequencies at 0.08 and 1.0 Hz is then applied to improve the signal-to-noise ratio. Next, converted Ps phases are isolated from direct P phases after rotating seismograms from Z-N-E coordinates to P-SV-SH coordinates by finding the incident angle that minimizes S energy associated with P arrivals [Vinnik, 1977] . Each earthquake and corresponding spectrogram is inspected visually after aligning the P phase branch for each event trace. Recordings with clear P and SV components are manually ranked based on signal-to-noise ratio and a correlation window is picked. Geochemistry, Geophysics, Geosystems
Receiver functions extracted from three-component waveforms, using the methodology described above, are shown in Figure 8 for two bedrock stations, GC18 and GC19, which are located on the Llano uplift. In principle, the physical parameters and lithospheric structure sampled by each receiver function trace should be similar, since the stations are only 18 km apart. In practice, however, converted phases are weak, due to the influence of a dipping basement-sediment interface and complex geology, and are sometimes 
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obscured by noise. An event with positive polarity corresponds to a velocity increase with depth and a negative polarity event corresponds to a velocity decrease with depth. One of the major problems in receiver functions produced by stacking traces using a relatively small number of events is to distinguish individual peaks that may be obscured by neighboring larger peaks or their side lobes. Most of these must be considered noise.
We stack Ps receiver functions using a Common Conversion Point (CCP) stacking method to increase signalto-noise ratios [Dueker and Sheehan, 1997; Eagar et al., 2010 Eagar et al., , 2011 . The technique we use is a backprojection method in which receiver functions are ray traced through 2-D P and S wave velocity models (generated in step 3) to place their amplitudes at appropriate positions laterally and in depth. Subsurface image points (or bin size) are spaced 10 km apart laterally for Ps receiver functions. Error bounds of the CCP stack are found via bootstrapping; data are restacked 20 times, using a random number generator to resample events recorded by each station. The CCP stack errors in Figure 11b are based on two standard deviations about the mean, which corresponds to the 95% confidence level.
Data
The 330 km long X4 seismic array consisted of 22 three-component broadband seismometers deployed from July 2010 until March 2013. The configuration of the array was chosen to cross four distinct geological provinces: the Texas Gulf Coastal Plain, the Balcones Fault System, the Ouachita front, and the Llano uplift ( Figure 1 ). Instrumentation at each site included a Reftek 130 digitizer/recorder and a Guralp 3T, Guralp 3ESP, or Nanometrics Trillium Compact seismometer powered by a marine deep-cycle battery charged by a solar panel. Data were recorded continuously at 40 samples/s and stations were visited every 3 months, on average, to recover data.
Ps receiver function data. Antelope TM and PASSCAL software were used to reformat, inspect, and preprocess the Ps receiver function data. Events with magnitudes greater than 5.5 at epicentral distances of 308-958 and all back azimuths ( Figure 9 ) were used to compute receiver functions.
Ambient noise data. Green's function was extracted from seismic ambient noise recorded for year 2012, during which relatively few high-magnitude earthquakes (M 7.0) occurred. We downloaded and computed cross correlations for continuous vertical component records from each day of year 2012.
Results and Discussion
Shear Wave Velocity Model From Dispersion Curves
The 2-D shear wave velocity (Vs) model is a result of interpolation between 1-D Vs profiles that were constrained by fitting Rayleigh wave group velocity dispersion curves using VFSA ( Figure 6 ). The depth to which surface waves are sensitive increases with period; e.g., 8 s period Rayleigh group waves are sensitive to a Geochemistry, Geophysics, Geosystems
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depth of about 10 km whereas the 50 s period waves are sensitive to depths of about 80 km. We attempt to match our dispersion curves between 10 and 50 s periods. A discontinuity that we interpret to be the Moho appears in the northwestern portion of the array (beneath the Llano uplift at 30-40 km depth) but disappears to the southeast, outboard of the Balcones Fault Zone beneath the Coastal Plain. The Moho's disappearance may be due to widespread serpentinization in the region (discussed in more detail below), which would be expected to decrease the impedance contrast across the Moho dramatically. The lowvelocity region in the shallow subsurface between 250 and 150 km distance in Figure 6 marks the deep sediment package that characterizes the Coastal Plain, from the Balcones Fault Zone to Matagorda Island. Lastly, a high-velocity anomaly appears at Moho depth (30-40 km) between the 0 and 250 km distance range, but low velocities prevail the Balcones zone itself (in the 25-100 km distance range), which may imply that the Balcones Fault Zone serves as a conduit from the mantle to the surface. Figure 10a shows the CCP-stacked and migrated Ps receiver function image for the X4 transect. The image does not include direct ''P'' arrivals because we isolate converted Ps waves from direct P waves by rotating Z-R-T components to P-SV-SH components. SV and SH components contain mainly energy converted from P to S waves. Events with positive polarities (blue/purple) mark depths at which seismic velocity increases abruptly with increasing depth; events with negative polarities (red/yellow) mark velocity decreases abruptly as a function of depth.
Sediment-Basement Contact and Moho
A large positive-polarity event appears at the surface on the Llano uplift and dips to a maximum depth of 16 km under the Gulf Coastal Plain (labeled ''A'' in Figure 10b ). This event is likely due to the large impedance contrast at the sediment-basement contact between crystalline facies in the crust, which have a shear wave velocity of approximately 3.5 km/s, and the less consolidated sediments above, which have shear wave velocities as low as 1-2 km/s, as suggested by shear wave velocity model from surface wave modeling (Figure 6a ). Galloway [2009] estimated a maximum depth to basement of 14 km on the Texas Gulf Coast, which is consistent with our estimate of 16 km. Previous geophysical studies, including modeling of potential field data [Mickus et al., 2009; Mickus and Keller, 1992; Harry and Londono, 2004] , seismic refraction profiles [Cram, 1962; Hales et al., 1970; Dorman et al., 1972; Duncan and Gurrola, 2009] , and seismic reflection data [Culotta et al., 1992] , have estimated depths to basement of 10-15 km beneath the GCP. Keller and Shurbet [1975] modeled Rayleigh wave group velocity dispersion curves and suggested the presence of Mesozoic and Cenozoic sedimentary layers (P velocity 5.2 km/s) above Paleozoic sedimentary rocks at the base of the GCP. A study by Ainsworth et al. [2014] using Sp receiver functions could not image this sediment-basement contact due to the longer wavelengths, with respect to Ps receiver functions, that is intrinsic to Sp converted waves from earthquakes.
Beneath the northwest half of the array, the CCP-stacked image shows a positive-polarity event (labeled ''C'' in Figure 10b ) at 33 km depth in the extreme north of the array beneath Llano uplift that dips slightly upward to 28 km beneath the Balcones and Luling fault zones. We interpret this event to be the Moho, although it is shallower than the Moho depth of 38-40 km found previously by Mickus et al. [2009] from integrated geophysical modeling and by Ainsworth et al. [2014] from Sp receiver functions. Recently, seismic crustal models within the USGS crustal structure database were used to create a 3-D crystalline crustal model of North American continent. This model suggests an average crustal thickness of 34 km in the coastal plain adjacent to the Gulf of Mexico [Tesauro et al., 2014] . Their study also suggests an average crustal P wave velocity range of 5.95-7.30 km/s in this region, which is in good agreement with the P wave velocity estimates of 6.1-7.5 km/s we found by fitting Rayleigh wave group velocity dispersion curves (see Figure 6b ).
The Moho event weakens beneath the Llano uplift, which may be due to less dense ray coverage, as indicated in Figure 11a . The Moho is missing outboard of the Luling fault zone; its disappearance is the subject of a detailed discussion in section 6.2.
A negative-polarity event (labeled ''E'' in Figure 10b ) extends across the coastal plain starting at a depth of 50 km (at a distance of 25 km) and dips upward to 40 km depth near the coast. Another negativepolarity event (''D'') is adjacent to event ''E,'' albeit at a shallower depth (38 km). Although ''D'' is a much weaker event than ''E,'' the simplest explanation is that they are due to the same mechanism (discussed below). The region in which ''D'' appears has lower data density than the rest of the image (Figure 11a ) so Geochemistry, Geophysics, Geosystems Geochemistry, Geophysics, Geosystems
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the difference in amplitude could be related to differences in data density and resulting signal-to-noise ratio. Rather than invoke two processes, we will treat ''D'' and ''E'' as a single event in our further discussion.
This negative-polarity represents a negative impedance contrast, which usually implies a decrease in seismic velocity with increasing depth. Previous studies found a similar low-velocity zone in the upper mantle beneath this transect from seismic Sp receiver functions , potential field modeling [Mickus et al., 2009] , and seismic tomography , and Duncan and Gurrola [2009] discovered a similar discontinuity in their reinterpretation of the Hales et al. [1970] refraction profile, which transects the Texas Gulf Coast further to the east. Event ''E'' could be attributed to melt extraction during rifting, which would deplete the layer below of iron, thus raising its velocity. Note that the observation and modeling of a high-amplitude magnetic anomaly in the lower crust by Mickus et al. [2009] led to their suggestion that the GCP is a volcanic rifted margin and that the magnetic anomaly is due to a large mafic igneous complex that was produced during rifting. The interpretation of events ''D'' and ''E,'' which extend for more than 100 km, as the upper boundary of an iron-depleted layer supports the case for voluminous magmatism and active rifting. However, the magnetic anomaly modeled by Mickus et al. [2009] reaches its maximum at the coast (Matagorda Island, in Figure 10 ) and extends roughly 50 km inland, so it is not clear why the lower boundary of the depleted layer would fail to conform to those limits. Also, Speckien [2012] demonstrated that the anomaly could be explained equally well by a coincidence of two anomalies: one that is associated with Gulf of Mexico rifting and another that is associated with the Ouachita deformational event. Speckien [2012] concludes that the magnetic anomaly associated with rifting represents a much smaller volume of magma than would be expected to result from active rifting. The ''hit count'' represents ray coverage beneath the X4 array. Lower hit counts in the northern part of the profile is due to instrument malfunctions (resulting from flooding); stations in those locations did not record as many as earthquakes as other stations. Errors in the CCP stack were estimated by a bootstrapping method. In spite of the variations, Figure 11b indicates that errors associated with the CCP stack are fairly small across the array.
A weak blue feature (labeled ''F'' in Figure 10b ) appears in the CCP-stacked image at a depth of 75 km, dipping to the northwest. This feature may be a free-surface reverberation (''multiple'') of event ''A'' because it has the same dip and same polarity (as would be expected of PPs multiples; PSs multiple would have the opposite polarity) and because the Sp CCP-stacked image of Ainsworth et al. [2014] does not show this feature. (Sp images do not include free surface multiples because Sp phases are precursors to the S phase.) A multiple is a processing artifact, so if ''F'' were indeed a multiple it would not be the result of a conversion of waves by a discontinuity at 75 km depth and would not require a geological interpretation. However, another explanation for this feature is possible. As a result of a joint analysis of seismic, gravity, and mineral physics data, Kaban et al. [2010] report the presence of a compositional anomaly in the uppermost mantle that they hypothesize may be caused by a high-density eclogite body. These authors note that such a body might also explain the subsidence of the Gulf Coast. Further, Nettles and Dziewonski [2008] report a positive S-velocity anomaly in the uppermost mantle that coincides with this high-density, compositional anomaly. The polarity of event ''F'' is consistent with the top of a high-density, fast S wave anomaly.
Event ''B,'' located at 20 km depth, has negative polarity but appears to be distinct from the other negativepolarity events, ''D'' and ''E,'' because it is located above the Moho and at the boundary between cratonic and transitional crust. This event may be associated with volcanism that formed the Balcones Igneous Province (BIP). The BIP extends 400 km along the juncture between Mesoproterozoic cratonic lithosphere and Jurassic transitional lithosphere (the Gulf Coastal Plain) from near Austin, north of the X4 profile, to southwest of San Antonio. Recent dating identifies two distinct periods of activity in the Balcones Igneous Province: mafic volcanism between 81.5 and 84.1 Ma and felsic volcanism between 76.2 and 78.8 Ma [Griffin et al., 2010] . The compositional differences and age distribution of the volcanic centers makes it unlikely that the BIP was produced by a mantle plume and the briefness of its activity suggests it was cut off from a fertile mantle that might have replenished its budgets of alkali and volatile elements [Griffin et al., 2010] . Event ''B'' would then represent a low-velocity zone produced by the depletion of volatile elements through volcanism.
Another possible explanation for event ''B'' posits a through-going Balcones fault (perhaps as a result of crustal embrittlement, as discussed further below). Rather than magma ascending and depleting a zone to produce a velocity contrast, however, surface water might have been funneled to the mantle below, resulting in widespread serpentinization of mantle peridotites. Event ''B'' would then represent a low-velocity zone that is associated with water filtration through the crust. Unfortunately, neither of these scenarios can be confirmed from the seismic results described here.
A cartoon cross section showing the structure of the GCP's crust and uppermost mantle inferred from Ps receiver function CCP stacking is shown in Figure 10c .
Moho Missing Due to Serpentinized Upper Mantle
Event ''C'' in Figure 10a is the most likely candidate to represent the Moho, due to its depth (28-33 km) and positive polarity, which indicates that seismic velocity increases downward across the event. Yet event ''C'' ends abruptly just outboard of the Balcones Fault System and no other feature in the CCP-stacked image could reasonably be interpreted to be the Moho. Also, a corresponding ''Moho feature'' appears in the northwestern part of the shear wave velocity model (between 30 and 40 km) found from ambient noise but is absent in the southeastern portion of the transect (Figure 6 ). This suggests that a mechanism acted to decrease dramatically the impedance contrast that usually marks the Moho. One such mechanism could be serpentinization of the upper mantle.
Serpentinization is a process in which a (usually ultramafic) rock undergoes hydration and metamorphic transformation. The most common example is the serpentinization of peridotite (or dunite) into serpentinite, its metamorphic equivalent. Serpentinization alters the physical and chemical properties of the affected rock. Among its important effects are a dramatic reduction in density of the affected rocks and a significant, although less dramatic, reduction in seismic P and S velocities. Together these effects serve to produce a strong reduction in impedance (the product of density and seismic velocity), which could erase the contrast between a silicate lower crust and a serpentinized mantle.
Serpentinization is consistent with other observations, as well. Complete serpentinization of a peridotite results in a water uptake of 13-15% by weight and a volume increase of 40% [e.g., Schroeder et al., 2002; Shervais et al., 2005] . These changes also influence the rheology of the rock and thus play an important role Geochemistry, Geophysics, Geosystems
in the formation of detachment faults and strain localization along serpentinized fault planes [Escart ın et al., 1997a [Escart ın et al., , 1997b . A COCORP reflections seismic transect across the Texas Gulf Coastal Plain, near our passive seismic profile, identified possible detachment faults [Culotta et al., 1992 ].
An important condition for serpentinization of mantle rocks is embrittlement of the entire crust O' Reilly et al., 1996] which, during the progressive crustal thinning that occurs before rifting, produces a network of faults and fractures that serve as conduits for potentially large volumes of water to pass through the crust. performed numerical modeling experiments to provide insight into the thermal evolution of lithosphere during extension at different strain rates. They identified a range of stretching factors for which the entire crust moves into the brittle regime and compared their modeling results to observations made of the nonvolcanic continental-ocean transition zone of West Iberia. In other studies, several continental-ocean transition regions have been identified as sites of serpentinized peridotites (e.g., Southwest Greenland margin ; West Iberia margin Whitmarsh and Sawyer, 1996] ; Labrador Sea [Chian et al., 1995] ; Porcupine Basin in southwest Ireland ; north and northeast Atlantic margins [Lundin and Dore, 2011] , which continued landward under the thinned continental crust [Boillot el al., 1989; Chian et al., 1999] ).
At magma-poor margins, partial serpentinization of the upper mantle may have been a result of severe extension which, in turn, may cause the embrittlement of both the upper and lower crust, allowing growth faults (such as the Wilcox, Corsair Fault Zones, Balcones and Luling Fault Zones) to cut through the entire crust and provide pathways for water to reach the mantle. This results in an increase in volume and decrease in density of mantle rock which could cause regional uplift of the overlying crust. Uplift around the rim of the northern Gulf of Mexico has been noted by numerous authors but, to our knowledge, its mechanism has not been explained adequately. Widespread serpentinization, and consequent density reduction, of the upper mantle could explain the observed uplift.
Next, teleseismic travel time tomography of the Texas region shows unusually slow shear wave velocities (25 to 10% with respect to the average model ak135) in the upper mantle beneath the Texas Gulf Coastal Plain . While tomography that relies on distant (i.e., teleseismic) earthquakes typically has poor depth control in the crust and uppermost mantle and, in this case, slow velocities of coastal sediments could be mapped downward, efforts to project as a large a portion of the travel time anomaly as possible into the sedimentary basin and crust confirms that the result of slow shear wave velocities in the uppermost mantle to be a robust feature. Widespread serpentinization of the upper mantle would explain anomalies of this magnitude.
Lastly, the reactions that lead to serpentinization are highly exothermic. Previous studies have shown that the Gulf Coastal Plain is distinguished by high heat flow [Ewing and Caran, 1982] . Borehole geothermal data integrated with COCORP seismic profiles has determined that two areas of high heat flow, at least, occur along growth faults that parallel the coast [Culotta et al., 1992; Nagihara et al., 2012; Blackwell and Richards, 2004] . The Corsair and Wilcox fault zones are located 60-80 and 80-100 km NW from the southernmost station (GC01) of our profile. Fluids circulating within these systems of growth faults may be produce the high levels of heat flow at the surface, particularly if the faults themselves penetrate to the mantle, as a result of crustal embrittlement.
Ray Coverage
Ray coverage is quite good along most of the X4 transect. However, distances between 290 and 0 km are not as well sampled as other portions of the array, with hit counts of less than 100, compared to hit counts of more than 150 elsewhere (Figure 11a ). Poor ray coverage in this interval can be attributed to instrument malfunctions following a widespread flood that occurred in 2010, at the outset of the deployment. All the instruments were ultimately repaired or replaced but those sites have shorter recording times than other sites. Ray coverage is highest in the distance range 50-100 km, as shown by the dark blue color in Figure 11a . Figure 11b presents bootstrapping error estimates. These show relatively uniform, low errors for the majority of the image although, as expected, error values are higher in the 250 to 0 km range, where ray coverage is sparser than elsewhere. Stacking errors range from 0.005 to 0.04, but most of the area has rather Geochemistry, Geophysics, Geosystems 10.1002/2015GC005803 low stacking errors of <0.01. The maximum amplitude in the CCP image is 0.1, so error estimates constitute 5-30% of the phase amplitudes.
Bootstrapping Errors
Conclusions
Common conversion points (CCP) stacking of Ps receiver functions and modeling of Rayleigh wave group velocity of dispersion curves using Very Fast Simulating Annealing (VFSA) reveal significant discontinuities beneath the Texas Gulf Coastal Plain (Figure 10b ) and the equally significant absence of a discontinuity that can be identified as the Moho outboard of the Luling fault zone. We use ambient noise cross-correlation technique to calculate Rayleigh wave group velocity dispersion curves. Modeling of dispersion curves produces 2-D shear and compressional wave velocity models for the 0-100 km depth range for use in migrating Ps receiver functions.
A large event with positive polarity, attributed to the sediment-basement contact, extends distinctly from the Balcones Fault Zone to Matagorda Island and reaches a maximum depth of 16 km approximately 60 km from the coast. A second positive-polarity event appears at 28-33 km depth from the Llano uplift to the Luling Fault zone but then disappears. The depth and polarity of this event suggest that it represents the Moho, so its disappearance requires an explanation. We propose widespread serpentinization of the upper mantle, possibly as a result of crustal embrittlement during prerift extension that produced throughgoing faults that serve as conduits for surface water to the uppermost mantle. Total crustal embrittlement is consistent with the existence of detachment faults that were discovered during a COCORP seismic reflection survey [Culotta et al., 1992] . Serpentinization of mantle peridotites is consistent with other observations, including unusually slow shear wave velocities in the uppermost mantle , high levels of heat flow, and widespread uplift around the northern rim of the Gulf of Mexico. Two negative-polarity events may indirectly support the case for the GCP being a volcanic margin.
